Abstract Using computer models to predict the dynamic performance of ultra-precision machine tools can help manufacturers to substantially reduce the lead time and cost of developing new machines. However, the use of electronic drives on such machines is becoming widespread, the machine dynamic performance depending not only on the mechanical structure and components but also on the control system and electronic drives. Bench-top ultra-precision machine tools are highly desirable for the micromanufacturing of high-accuracy micro-mechanical components. However, the development is still at the nascent stage and hence lacks standardised guidelines. Part 2 of this twopart paper proposes an integrated approach, which permits analysis and optimisation of the entire machine dynamic performance at the early design stage. Based on the proposed approach, the modelling and simulation process of a novel five-axis bench-top ultra-precision micro-milling machine tool-UltraMill-is presented. The modelling and simulation cover the dynamics of the machine structure, the moving components, the control system and the machining process and are used to predict the entire machine performance of two typical configurations.
Introduction
The increasing standard of machine-tool performance means that machine-tool developers are expected to not only concentrate on optimisation of the machine tool itself in terms of the maximum speed and the precision of the machine axes but also to take full account of the machining processes. In other words, the machine-tool developers now have to take responsibility for the entire machine-tool performance characteristics [1] . Therefore, when designing precision machines, it is essential to consider the interaction between the mechanical structure, the control-system dynamics and the machining-process dynamics at an early stage [2, 3] . Furthermore, this requires the designing of an integrated approach for high-performance precision machines.
In part 2 of this two-part paper, an integrated modelling and simulation approach is proposed and used for designing a novel five-axis bench-top micro-milling machine-UltraMill. The design considerations and specifications of the UltraMill have been discussed in part 1, being highly desirable for the designing of such machines due to the nascent stage of their development and lack of standardised guidelines. The approach permit's the analysis and optimisation of the entire machine-tool dynamics and machining performance prior to prototyping. Based on the proposed integrated design approach, simulations were performed on two different machine configurations, and their dynamic performance was evaluated.
fixture system, the control and sensor system and the measurement and inspection system. These sub-systems, together with the machining mechanics, interact dynamically and determine the machine tool's performance [4, 5] . Traditionally, machine-tool design, analysis, optimisation and performance evaluation were performed on mechanical systems and control systems individually. This approach is less effective as it cannot accurately evaluate the performance of the whole machine.
Due to the development of machine design and drive technology, modern CNC machines can be described to an increasingly extent as a characteristic example of complex mechatronic systems. A distinguishing feature of a mechatronic system is the achievement of system functionality through intensive integration of electrical and information (software) sub-functions on a mechanical carrier [6] . Therefore, it is necessary to develop an integrated design approach in which the machine tool is treated as a complete mechatronic system to enable the evaluation of the performance of the whole machine at an early design stage. Figure 1 presents a schematic diagram of an integrated dynamic modelling and simulation approach for machinetool design. The design and analysis process starts from sub-system modelling, alternatively termed pre-modelling, i.e. the dynamic modelling of the machine's moving components, the control system, the mechanical structure and the machining processes. Different modelling strategies and simulation tools are used for these sub-systems. For example, finite-element analysis (FEA) is used for predicting mechanical structural response under load, whilst model-based lumped-mass simulation is used for the control system. In order to ensure modelling accuracy and to evaluate machining performance without the necessity of a real prototype, some experimental tests have to be performed to obtain reliable data for a simulation: These may include dynamic tests on the slide and control systems to obtain dynamic parameters, provided that relevant hardware has been built. Secondly, these pre-modelled parts or sub-systems are integrated to represent the dynamics of the whole machine-tool system. It should be noted that the main objective of sub-system modelling is to provide the necessary results and data for the modelling of the entire machine-tool system, rather than for just optimising individual components. In this study, FEA was employed to simulate the performance of the whole machine by using the pre-modelled results. The machine performance predicted from simulation is then used for the decision process of the design, corresponding modifications and optimisations being made to fulfil the design requirement as illustrated in Fig. 1 .
Pre-modelled sub-systems
The proposed methodology has been applied to the design and optimisation process of the UltraMill for the manufacturing of micro-parts, which is a part of the EU FP6 MASMICRO project [7] . The machine discussed here is a bench-top micro-milling machine using aerostatic bearings and direct-drive motors on all linear axes and two rotational axes so as to achieve nanometric-level position- 
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